The free amino acids in amniotic fluid were quantitated by ion-exchange chromatography in human fetuses of 48-to 140-day gestation (mean, 91 days). Gestational age was estimated by crown-rump measurement. The amino acid pattern was more similar to that found in normal plasma than to that usually observed in urine. Fourteen of 26 amino acids (lysine, leucine, phenylalanine, isoleucine, valine, ornithine, alanine, tyrosine, methionine, arginine, serine, histidine, proline, and taurine) showed a statistically significant change in concentration (P < 0.005) which correlated inversely with fetal age (Fig. 1) . Alanine had the highest average concentration during early gestation, 0.437 HIM. The concentration of lysine showed the highest degree of correlation with fetal age (P <<C 0.001), with a correlation coefficient of 0.89. The most highly correlated single-regression curve was for lysine; where [lys] = 0.796-0.0052 (fetal age). None of the amino acid concentrations increased during the period of observation.
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Gestational age of the fetus was estimated by crownrump measurement. Correlation of crown-rump length to gestational age was based on previously studied fetal material obtained from therapeutic abortions [8, 10] . Gestational age was calculated from the time of fertilization.
Amino acids were quantitated by ion-exchange chromatography according to the method of Spackman et al. [9] . An amino acid analyzer [12] was used for all analyses. One ml fresh amniotic fluid was treated with 1 ml 6% sulfosalicylic acid buffered to pH 2 and was then centrifuged; the protein-free supernatant was used for amino acid analysis. When protein could not be precipitated immediately, the amniotic fluid was frozen at -20° and subsequently analyzed within 48 hr. The equivalent of 0.25 ml aminotic fluid was routinely applied to the ion-exchange column.
A biomedical linear regression program [13] was used for calculation of the regression curves, correlation coefficients, mean values, and standard deviations of the amino acid concentrations [1] .
Results
A significant quantity of free amino acids was found in each amniotic fluid sample. The amino acids were clearly separated and more similar to the pattern seen in normal plasma than to that usually observed in urine. There were few, if any, unidentifiable peaks which contributed significantly to the ninhydrin posi- tive material. Tryptophane is not accurately quantitated by ion-exchange chromatography and was not independently assayed. Glutamine and asparagine eluted as a single peak under the conditions of analysis; however, they can be separated by thin-layer chromatography (TLC). The TLC revealed little asparagine; therefore, the peak obtained by column chromatography was assumed to be primarily glutamine. Twenty-six amino acids could be consistently identified in the fluid. Twenty-two of these were quantitated in each specimen. Alpha-amino-w-butyric acid, hydroxyproline, phosphoethanolamine, and ethanolamine were usually present in low concentrations and were not quantitated. Occasionally, 1-methyl-histidine or homocarnosine were identified. It was apparent that several of the amino acids were present in greater concentration early in fetal life whereas others showed no significant change during the first half of pregnancy. Table I lists the concentrations of the eight amino acids for which there was no statistical relation between fetal age and amino acid concentration. For the other 14 amino acids, a statistical relation between fetal age and concentration in aminiotic fluid could be demonstrated. The concentrations of lysine, leucine, valine, ornithine, isoleucine, phenylalanine, alanine, methionine, arginine, tyrosine and serine were correlated with gestational age at the 0.001 level of statistical significance, while histidine, proline and taurine rendered significance at the 0.005 level of significance (Table II) . This is depicted in Figure 1 .
The change in concentration between 48 and 140 days was not great for phenylalanine, tyrosine, methionine, serine, ornithine and arginine, but the precision of measurement permitted a significant correlation with fetal age. Changes were more striking for the branched-chain amino acids, leucine, isoleucine, and valine. They showed significant decline during the early part of pregnancy with valine having the greatest rate of change. Another feature was the positive correlation of the concentration of these branched-chain amino acids within the same amniotic fluid sample. Thus, if the concentration of leucine in aminiotic fluid was known, the partial correlation coefficients to valine and isoleucine were 0.98 and 0.99 respectively. The fact that common or similar enzymes are involved in the degradation of these three amino acids may account for this high degree of correlation.
The concentration of lysine showed the highest degree of correlation with fetal age (P <<c 0.001) and had a correlation coefficient of 0.89. Alanine had the high- est average concentration during early gestation, 0.436 mM.
Discussion
Levy and Montag [4] were the first to report the use of ion-exchange chromatography for the quantitation of free amino acids in amniotic fluid, and they determined the normal concentrations of free amino acids at birth in comparison with the values in maternal and neonate plasma. Several subsequent reports have documented the concentrations of amino acids in amniotic fluid obtained primarily by transabdominal amniocentesis between the eighth gestational week and birth [2, [5] [6] [7] 11] . In each report the date of the last menses was used as the best indicator of fetal age. Several of the papers have recognized the general association between amino acid concentration and gestational age and the values were reported by trimesters or by various weekly intervals. None have recognized the very strong correlation between fetal age and the concentrations of specific amino acids in amniotic fluid. This may have occurred because of the relative inaccuracy of using menstrual history for fetal dating.
The results of the present study convincingly demonstrate that early in pregnancy some amino acids are present in amniotic fluid in relatively high concentrations which decrease during the first half of pregnancy.
Those amino acids which decreased in concentration did so as a function of fetal age.
It has been suggested that the concentration of constituents in amniotic fluid may serve as an indicator of fetal genotype and thus be of value in antenatal diagnosis. The present results offer normal values for the concentrations of amino acids during the first half of pregnancy when therapeutic intervention would be most logical. Because of the magnitude of the changes in amino acid concentrations during the first half of pregnancy, accurate data based upon precise fetal age are important. Dating of amniocentesis specimens by menstrual history may not be precise enough to predict a specific amino acid concentration range and caution must be exercised in any clinical decisions that are based upon the concentrations of amino acids in amniotic fluid for antenatal diagnostic purposes.
The first attempt to use amino acids in amniotic fluid as a diagnostic indicator of fetal genotype was by Frimpter and coworkers [3] who monitored the pregnancy of a woman who had previously borne a child with cystathioninuria. Increased concentration of cystathionine was not detected in the amniotic fluid, and at delivery the child was found to be normal for cystathionine metabolism. O'Neill and associates [5] documented that an infant with maple syrup urine disease did not have increased concentrations of leucine, isoleucine or valine in the amniotic fluid at term. Con-Gestoiiono! age (days) 120 140 Fig. 1 . Regression curves of the nine amino acids which showed a statistically significant correlation (P < 0.001) with gestational age. The equation indicates the best straight line obtained by the maximum likehood method (±95% confidence limit) which fits the coordinates of fetal age (gestational age in days from fertilization) and amino acid concentration (mM). The expected amino acid concentration (y) can be calculated if the fetal age (x) is known, or vice-versa. The correlation coefficient is given by r.
centrations of branched-chain amino acids in serum did not become elevated until three days of age. Whether amino acid concentrations in amniotic fluid can be a reliable indicator of infants homozygous for inborn errors of amino acid metabolism will need to be carefully evaluated. It is likely that heterozygous mothers may adequately regulate the concentrations of amino acids in plasma of infants homozygous for inborn errors of amino acid metabolism and that little alteration in the free amino acids of the amniotic fluid may be apparent. This may not be true, however, for infants with renal tubular transport defects. An important question remaining is whether the concentrations of amino acids in amniotic fluid obtained by transabdominal amniocentesis can serve as an independent estimator of fetal age during the first half of pregnancy; if so, it would be an estimater of greater accuracy than menstrual history. This is being approached by a separate prospective study using the data from this study to generate the best regression equation to predict fetal age.
Summary
The concentrations of 22 amino acids in amniotic fluid were quantitated from 24 early pregnancies between 48 and 140 days of gestation. A strong statistical correlation was found between 14 amino acids and fetal age. This relation was inversely proportional to fetal age. Lysine showed the strongest correlation (P <JC 0.001) and had a correlation coefficient of 0.89. None of the amino acids increased in concentration during the time period of the study. There was a striking partial correlation between the branched-chain amino acids, leucine, isoleucine and valine, presumably because of the similar enzymes required for their metabolism.
The results of this study would suggest that early in pregnancy the concentrations of amino acids in amniotic fluid may prove to be an independent and reliable indicator of fetal age.
